The astrophysical 3 He(α, γ) 7 Be and 3 H(α, γ) 7 Li direct capture processes are studied in the framework of the two-body model with the potentials of a simple Gaussian form, which describe correctly the phase-shifts in the s-, p-, d-, and f-waves, as well as the binding energy and the asymptotic normalization constant of the ground p 3/2 and the first excited p 1/2 bound states. It is shown that the E1-transition from the initial s-wave to the final p-waves is strongly dominant in both capture reactions. On this basis the s-wave potential parameters are adjusted to reproduce the new data of the LUNA collaboration around 100 keV and the newest data at the Gamov peak estimated with the help of the observed neutrino fluxes from the Sun, S 34 (23 +6 −5 keV)=0.548±0.054 keV b for the astrophysical S-factor of the capture process 3 He(α, γ) 7 Be. The resulting model describes well the astrophysical S-factor in low-energy Big Bang nucleosynthesis region of 180-400 keV, however has a tendency to underestimate the data above 0.5 MeV. The energy dependence of the S-factor is mostly consistent with the data and the results of the no-core shell model with continuum, but substantially different from the fermionic molecular dynamics model predictions.
I. INTRODUCTION
experimentalists [6] [7] [8] [9] [10] [11] . Recent measurements were reported in [12] [13] [14] [15] [16] [17] [18] [19] . The main difficulty in laboratory studies of these processes at low energies of astrophysical relevance (roughly from 20 to 500 keV) is related with the presence of strong Coulomb repulsive forces, especially for the production of the 7 Be nucleus. Due to this difficulty the measured values of the astrophysical S-factor contain large uncertainties. The most accurate experimental results for the astrophysical S-factor were obtained by the LUNA collaboration [13, 14] in a lowenergy region around E cm =100 keV, where E cm is the collision energy in the center of mass (cm) frame. The experimental uncertainties in the measured values of the astrophysical S-factor around 70 keV b are much smaller than those in the old data. However, even these smaller error bars can have a strong influence on estimations of the astrophysical reaction rates in the BBN and solar models [1] . Therefore, there is still a need for more accurate experimental studies in the low energy region.
Very recently observed neutrino fluxes from the Sun were used to estimate the 3 He(α, γ) 7 Be astrophysical S-factor within the standard solar model at the Gamow peak to be S 34 (23
keV)=0.548±0.054 keV b [20] . This new data point was then used for evaluation of the astrophysical S-factor at Big Bang energies and the corresponding thermonuclear reaction rates. However, an estimate of the primordial lithium abundance, 7 Li/H=5× 10 −10 , obtained in the model is much larger than the observed Spite plateau [2] .
From the theoretical side, potential models [21] [22] [23] , microscopic R-matrix approach [24] , microscopic cluster models [25, 26] , microscopic approach based on an algebraic version of the resonating group method [27] , fermionic molecular dynamics (FMD) method [28] , nocore shell model with continuum (NCSMC) [29] and the semimicroscopic phenomenological approach [30] have been developed to study the astrophysical 3 He(α, γ) 7 Be and 3 H(α, γ) 7 Li reactions. The most elaborate microscopic approaches based on the NCSMC and FMD yield an overall good description of the experimental data except the old data from Ref.
[5] which are now believed to be less accurate. However the astrophysical S-factor obtained within these two methods show different energy dependence for both capture processes.
At the same time they describe well the data of the LUNA collaboration [13, 14] and the newest data coming from the observed neutrino flux at the Gamov peak [20] . One should note that a fully ab-initio calculation of these radiative capture reactions, including threebody nuclear forces is not yet available and is still a big challenge. On the other hand, the question whether or not a simple potential model is able to reproduce the available data for the capture reactions at least in the BBN energy region of E cm =180-400 keV remains to be answered. How does the description of the data for the astrophysical S-factor compare with the corresponding ab-initio results? To our best knowledge, these questions are still open.
The most realistic potential model [22] based on folding potentials agrees well with the old data [5] , which is much lower than the new data from Refs. [13, 14] at the astrophysical, low energy region.
Potential cluster models are able to reproduce both the bound state properties and the scattering data [21, 31] . An important feature of the potential models is that the twobody potentials have to be adjusted to reproduce not only the phase shifts in all partial waves and the binding energies of the bound states, but also the asymptotic properties of the bound state wave functions, like the asymptotic normalization coefficient (ANC). The importance of asymptotic properties of the two-body potentials have been demonstrated for the astrophysical α(d, γ) 6 Li capture process at low energies [32, 33] . Required empirical values of the asymptotic normalization coefficient can be extracted from the scattering data within different approaches, e.g. analytic continuation to the S-matrix pole [34] , the effective range method [35] [36] [37] and distorted-wave Born approximation (DWBA) [38] .
The potential models can also be used to improve the accuracy of the direct experiments on astrophysical capture reactions. Recently, a photon angular distribution calculated in the potential model has been used [39] to find the best kinematic conditions for the measurement of the 2 H(α, γ) 6 Li reaction.
The aim of present paper is to study in detail the astrophysical 3 He(α, γ) 7 Be and 3 H(α, γ) 7 Li capture reactions in a potential model. As it is known from the literature, and as will be seen below, the most important contribution to above processes at low astrophysical energies comes from the dipole E1-transition operator, while the E2-transition only gives a small contribution in the resonance energy region. The M1-transition is also strongly suppressed. The two-body Gaussian potentials [21] which reproduce the bound states energies and the phase shifts in each partial wave will be examined. The potential parameters will be adjusted to reproduce the empirical values of the asymptotic normalization coefficient in the p 3/2 -and p 1/2 -bound states of the 7 Be nucleus, recently extracted from the phase-shift analysis within the DWBA method [38] and from the analysis of the experimental S-factor [40] . The d-and f-wave potentials from Ref. [21] , which describe the corresponding phase shifts well, will be applied.
As the E1-transition occurs from the initial s-wave scattering state to the final p-wave bound states, the choice of the s-wave potentials is the next most important point of the potential model. The existence of infinite number of phase-equivalent potentials opens an unique possibility to adjust the S-wave potential parameters to the experimental astrophysical S-factor. The nodal positions of the s-wave scattering wave function, as well as the p-wave bound state wave functions at short distances due to their orthogonality to the Pauli forbidden states (two in s-wave and one in each of the partial p 1/2 and p 3/2 -waves) play a crucial role in decreasing effective overlap integrals, involving these two wave functions, thus resulting in the low values of the astrophysical S-factor, consistent with the experimental results. In this sense a role of the Pauli forbidden states in the capture process is similar to that in the beta-decay of the 6 He halo nucleus into the α − d continuum [41, 42] .
At the first step the initial potential from Ref. [21] will be examined in the s-wave.
After that we will show that it is possible to find the most suitable model among the phaseequivalent potentials, fitting the s-wave potential parameters to the astrophysical S-factor of the LUNA collaboration [13, 14] and the newest data at the Gamov peak [20] The theoretical model will be briefly described in Section II, numerical results will be given in Section III, and conclusions will be drawn in the last section.
II. THEORETICAL MODEL

A. Wave functions
In a single channel approximation, the initial and final state wave functions are defined
and
respectively. The radial wave functions of the initial α− 3 He and α− 3 H scattering states in
, f 7/2 partial waves are found as solutions of the two-body Schrödinger equation
where µ is the reduced mass of the clusters involved in the capture process, 1/µ = 1/m 1 + 1/m 2 , and V lSJ (r) is a two-body potential in the partial wave with the orbital momentum l, spin S and total momentum J. The radial scattering wave function is normalized with the help of the asymptotic relation
where k is the wave number of the relative motion, η is the Zommerfeld parameter, F l and G l are regular and irregular Coulomb functions, respectively, and δ lSJ (E) is the phase shift in the (l, S, J)th partial wave.
The α− 3 He and α− 3 H two-body potentials are taken in a simple Gaussian form [21] :
where the Coulomb part is given as
with the Coulomb parameter R c , and charge numbers Z 1 , Z 2 of the first and second clusters, respectively. The parameters α, V 0 and R c of the potential are specified for each partial wave.
B. Cross sections of the radiative capture process
The cross sections of the radiative capture process read [21, 43] σ(E) =
where Ω = E or M (electric or magnetic transition), λ is a multiplicity of the transition, J f is the total angular momentum of the final state. For a particular final state with total momentum J f and multiplicity λ we have
where l, l f are the orbital momenta of the initial and final states, respectively, k i and v i are the wave number and velocity of the α− 3 He (or α− 3 H) relative motion of the entrance channel, respectively; S 1 , S 2 are spins of the clusters α and 3 He (or 3 H), k γ = E γ /hc is the wave number of the photon corresponding to energy E γ = E th + E, where E th is the threshold energy. Constant C 2 (S) is the spectroscopic factor [43] . As it was argued in Ref. [44] , within the potential approach its value must be taken equal to 1 if the phase shifts in the partial waves are correctly reproduced. We also use short-hand notations The electric transition operator in the long-wavelength approximation reads
where r ′ j = r j − R cm is the radius vector of the jth particle in the center of mass system.
Its reduced matrix elements can be evaluated as follows:
where A 1 , A 2 are mass numbers of the clusters in the entrance channel,
The magnetic transition operator reads
where µ N is the nuclear magneton, µ j is the magnetic moment andl jµ is the orbital momentum of jth particle. The angular momentum of the relative motion is denoted asl rµ .
The reduced matrix elements of the magnetic M1 transition operator can be evaluated as
where the overlap integral is given as
In addition, µ( 3 He) =-2.1275 µ N is the magnetic momentum of the 3 He nucleus, which must be replaced by the magnetic momentum µ( 3 H) = 2.979 µ N of the 3 H nucleus for the mirror reaction.
Finally, the astrophysical S-factor of the process is expressed in terms of the cross section as [45] S(E) = E σ(E) exp(2πη The scattering wave function u E (r) of the relative motion is calculated as a solution of the Schrödinger equation using the Numerov method with an appropriate potential subject to the boundary condition specified in Eq.(4).
The depth parameters V 0 of the α− 3 He and α− 3 H potentials are given in Table I As we see below, the potentials V D , V M 1 and V M 2 do not reproduce the new data of the LUNA collaboration [13, 14] at energies around 100 keV and the newest data [20] at the Gamov peak S 34 (23 At first step a study of the astrophysical 3 He(α, γ) 7 Be capture process will be performed within the aforementioned potential models. At the next step, these potentials will be examined in the 3 H(α, γ) 7 Li reaction studies with the only modification of the Coulomb B. Estimation of the astrophysical S-factor for the 3 He(α, γ) 7 Be capture process
For the study of the 3 He(α, γ) 7 Be direct radiative capture process we first use the potentials V D , V M 1 and V M 2 . As noted above, these potentials differ from each other due to the parameters used in the p 1/2 and p 3/2 partial waves and yield different values for ANC. As mentioned above, the V M 1 and V M 2 potentials were adjusted to the empirical ANC values from Refs. [38] and [40] , respectively.
Contributions of the partial E1-transition components for the 3 He(α, γ) 7 Be direct radiative capture process are given in the left panel of Fig. 3 for the V M 1 potential. As can be seen from the figure, the dominant contribution in the astrophysical low energy region comes from the E1-transition s 1/2 → p 3/2 . The dominance is most prevailing at energies close to zero. At energies above 2 MeV the E1-transition from the d 5/2 to the p 3/2 partial wave provides the largest contribution. Contributions of the E2-components to the astrophysical S-factor within the same V M 1 potential are shown in the middle panel of Fig. 3 .
The dominant contributions in low-energy region correspond to the transitions between the p-waves. A resonance behavior of the astrophysical S-factor at energies around 3 MeV is well reproduced in the f 7/2 → p 3/2 transition. Contributions of the partial M1-components to the astrophysical S-factor for the 3 He(α, γ) 7 Be direct capture process with the same V M 1 potential are displayed in the third panel of Fig. 3 . Here the dominant contribution is the M1-transition from the p 1/2 partial wave to the same one.
In order to compare the relative contributions from the electric E1-, E2-and magnetic M1-transitions, in Fig. 4 we show the summary of the results for the astrophysical S-factor of the 3 He(α, γ) 7 Be capture reaction calculated using the potential model V M 1 . As can be seen from the figure, the dominance of the E1-transition is maximal at the zero energy where the contribution from the electric E1-transition is larger than the sum of those from the E2-and M1-transitions by more than two orders of magnitude. The convergence of the astrophysical S-factor with respect to the integration limit is demonstrated in Fig. 5 for the capture process 3 He(α, γ) 7 Be. As can be seen from the figure, at low astrophysical energies the convergent results are obtained with R max =40 fm, NCSMC(ph.) [29] FMD [28] Di Leva 2009 [16] Carmona 2012 [17] Bordeanu 2013 [18] Carmona 2014 [19] Nara Hilgemeier 1988 [8] NCSMC [29] NCSMC(ph.) [29] FMD [28] while at higher energies the convergence is reached already at R max =20 fm.
In Fig. 6 we show the total astrophysical S-factor for the 3 He(α, γ) 7 Be capture reaction.
The left panel of the figure displays the astrophysical S-factor of the process obtained by using the V M 1 , V M 2 and V D potentials in comparison with available experimental data. As can be seen from the figure, the experimental data is well reproduced at higher energies by the V M 1 , V M 2 models, consistent with the NCSMC results [29] . However, these potential models overestimate the data of the LUNA collaboration [13, 14] at energies around 100 keV and the newest data [20] at the Gamov peak S 34 (23 +6 −5 keV)=0.548±0.054 keV b. The reason is that the energy dependence of the calculated astrophysical S-factor is different from that of the microscopic NCSMC [29] . The potential model V D substantially underestimates the astrophysical S-factor, although resulting energy dependence is similar to that obtained using the V M 1 and V M 2 potentials.
As we already know, the E1-transitions s 1/2 → p 3/2 and s 1/2 → p 1/2 play a dominant role in the capture process. Therefore, the potentials V D , V M 1 , V M 2 can be modified and their s-wave parameters V 0 and α can be adjusted to the new data of the LUNA collaboration and the newest data at the Gamov peak. As can be seen from right panel of Fig. 6 , the potentials
describe well the astrophysical S-factor at low energies, however they have an increasing tendency to underestimate the data above 0.5 MeV. As discussed later, this underestimation is not present for the mirror reaction. A reason for the underestimation is that the potential model can not describe the coupling to different inelastic channels, like 6 Li+p for the process 3 He(α, γ) 7 Be or 6 Li+n for the mirror capture process 3 H(α, γ) 7 Li. The main role in the coupling to inelastic channels is played by the Coulomb forces and therefore the coupling should be important for the first process. Also, tensor forces between valence nucleons should play some role. These give rise to larger contribution of higher partial waves of relative motion between valence nucleons.
The modified V b D potential, whose s-wave parameters were fitted to the upper limit of the newest data at the Gamov peak [20] , yields a description of the experimental data in both low and higher energy region with the same quality which is not as good as for the
As can be noted from the last figure, the energy dependence of the astrophysical S-factor for the potential model slightly differs from that resulting from the ab-initio study in the NCSMC [29] and is substantially different from energy dependence of the fermionic molecular dynamics (FMD) model [28] for the capture process. The Coulomb part of these potentials, defined in Eq. (6) Partial contributions of the E1-, E2-and M1-transitions to the astrophysical S-factor for the mirror 3 H(α, γ) 7 Li reaction show the same behavior as for the process 3 He(α, γ) 7 Be.
In Fig. 7 we show total contributions of the E1, E2 and M1 transitions to the astrophysical S-factor for the 3 H(α, γ) 7 Li synthesis reaction calculated with the V M 1 potential model.
As can be seen, the dominant role of the E1-transition remains. Finally, Figure 8 presents the total astrophysical S-factor for the 3 H(α, γ) 7 Li reaction calculated with the different potentials in comparison with available experimental data. Since the latest data set [11] dates back to 1994, it is difficult to make any conclusion on the experimental precision. Nevertheless, one can see from the figure that the As was noted earlier, the main role in the couplings to inelastic channels belongs to Coulomb forces which are not present in the 6 Li+n channel. NCSMC(ph.) [29] FMD [28] Griffiths 1961 [4] Schr der 1987 [9] Burzynski 1987 [10] Brune [MeV]
(b)
NCSMC [29] NCSMC(ph.) [29] FMD [28] 
IV. CONCLUSIONS
The astrophysical 3 He(α, γ) It is important to note that the potentials, adjusted to the properties of the 7 Be nucleus in this way, were able to reproduce the properties of the 7 Li nucleus, phase shifts in the partial waves and the binding energies of the ground 3/2 − and first excited 1/2 − states.
In addition, the potentials in the p-waves were adjusted to reproduce the empirical values of the ANC for the α− 3 He, extracted from the phase-shift analysis and alternatively, from the analysis of the astrophysical S-factor available in the literature.
It has been shown that the E1-transition from the initial s-wave to the final p-waves is strongly dominant in both capture reactions considered in this work. On this basis we adjust the s-wave potential to reproduce the new data of the LUNA collaboration around 100 keV and the latest data at the Gamov peak obtained on the basis of the observed neutrino fluxes from the Sun, S 34 (23 +6 −5 keV)=0.548±0.054 keV b for the astrophysical S-factor of the capture process 3 He(α, γ) 7 Be. The resulting model describes well the experimental data at low energies, however has an increasing tendency to underestimate the data above 0.5 MeV.
The underestimation could be due to the coupling to the inelastic 6 Li+p channel, which can not be taken into account in the developed potential model approach. It is found that the energy dependence of the potential model is slightly different from that of the microscopic no-core shell model with continuum (NCSMC) and substantially differs from that of the fermionic molecular dynamics (FMD) model.
It is also shown that the experimental data for the mirror astrophysical 3 H(α, γ) 7 Li capture reaction can be well described in the potential model. The successful description of the data for the mirror process is suggested to be due to a negligible role of the coupling to the 6 Li+n inelastic channel in which the Coulomb forces are not present.
In conclusion, the V a M 1 , V a M 2 potential models which were fitted to the new data of the LUNA collaboration for the astrophysical S-factor of the 3 He(α, γ) 7 Be capture process by the modifying the s-wave α− 3 He nuclear interaction potential describe well this capture process in the BBN energy region (180-400 keV). Additionally, they yield very good description of the latest experimental data for the 3 H(α, γ) 7 Li mirror capture process. From the beginning, these models describe well bound state (binding energies and ANC) and scattering state (phase shifts) properties of both α+ 3 He and α+ 3 H systems.
